Purpose: To compare the ovarian response predictive ability of anti-Müllerian hormone (AMH), follicle-stimulating hormone (FSH), and estradiol (E2) and to determine the age-specific distribution of serum AMH concentrations of Japanese women.
a higher risk of OHSS are a young age, low body weight, polycystic ovary syndrome (PCOS), higher doses of exogenous gonadotropins, high absolute serum estradiol (E2) levels or a rate of increase in E2, and previous episodes of OHSS. 7 It is important to predict and prevent OHSS as the associated morbidity can be severe. Furthermore, improper management can result in severe sequelae. 8 In severe OHSS cases, renal failure leads to decreased urine volume, followed by respiratory and circulatory failure. Life-threatening thrombosis also can develop with the progression of OHSS. Therefore, the prediction of OHSS recently has gained considerable importance among IVF specialists.
Previously, anti-Müllerian hormone (AMH) has been identified as a predictor of OHSS. 5, 9, 10 Anti-Müllerian hormone is a protein that belongs to the transforming growth factor-β family. In men, AMH is secreted by the Sertoli cells in the testes during embryogenesis and plays a significant role in sexual differentiation, particularly in inhibiting the development of the Müllerian ducts. 11 In women, AMH is produced by the granulosa cells of the pre-antral and small antral follicles during the early stages of follicular recruitment. Its production decreases with follicular growth. 12 With aging, the circulating AMH levels decrease, until its production eventually ceases during menopause. 13 The serum AMH level indicates the number of pre-antral and small antral follicles and it is useful to assess the reserve capacity of the ovaries. 14, 15 The use of AMH levels to predict OHSS leads to decreased risks of treatment-related complications, thereby leading to safer, more efficient infertility treatment. The efficacy of AMH as a measure of ovarian reserve is well known; thus, its use in several clinical settings, including infertility treatment, has become widespread. 10 The distribution of AMH levels in healthy Japanese women has yet to be reported. Additionally, assessments of the relationship between the retrieved oocyte count and AMH levels are scarce in this population. This study aimed to assess AMH as a predictor of the ovarian response during COS and to determine the age-specific distribution of AMH levels in healthy Japanese women.
| MATERIALS AND METHODS

| Study design and treatment
This was a multicenter (four-site), observational, analytic Japanese 
| Participants
| Study 1
Women who were planning to undergo COS were eligible for the study if they were aged between 20 and 45 years, had a >0.8 mL serum blood sample available for analysis (taken during a previous clinical visit) that was collected within 2-4 days from the beginning of their menstrual period, they were planning to undergo COS by either a gonadotropin-releasing hormone (GnRH) antagonist protocol or a short or long GnRH agonist protocol, the presence of both ovaries had been confirmed by transvaginal echography, and if they had provided written informed consent to participate in the study.
The main exclusion criteria were as follows: PCOS; ovarian abnor- COS from the clomiphene administration method; and individuals who were judged by the investigator as unfit to participate in the study.
| Study 2
The AMH concentration tends to decrease with age and it is measured before beginning infertility treatment in routine clinical practice.
Therefore, it was aimed to determine the distribution of the AMH concentration in healthy women by age group. For this, a 3 year layer was set for women who were aged 30-44 years and a 5 year layer was set for women who were aged 20-29 years and >45 years, with a total of eight layers for the total sample population. 
| Study reagents and assays
During Study 1, the levels of AMH, luteinizing hormone (LH), folliclestimulating hormone (FSH), prolactin, E2, progesterone (P4), testosterone, TSH, and FT4 were measured in the serum that had been obtained within 2-4 days after the beginning of the menstrual period. The reagents that were used for the measurement of AMH are described in detail elsewhere. 17 All 
| Endpoints
| Study 1
The primary endpoint of Study 1 was the correlation of the AMH concentration with the oocyte count. A regression analysis was performed in order to determine if AMH was significantly and strongly associated with the oocyte count (response variable: oocyte count; explanatory variables: age, AMH, LH, FSH, E2, and P4).
The Guideline of the European Society of Human Reproduction and Embryology 18 was used and the patients were grouped as "poor" responders (P-arm: less than three oocytes), "normal" responders (N-arm: 4-14 oocytes), and "high" responders (H-arm: >15 oocytes). The receiver operating characteristic (ROC) curves were plotted in order to assess the P-arm and N-arm, N-arm, and H-arm by AMH, FSH, and E2. The area under the curve (AUC) also was compared for each parameter to determine whether AMH was superior to the other parameters regarding the predictive ability of the oocyte count.
The secondary endpoints were as follows: an assessment of the correlation of the AMH, FSH, and E2 concentrations with the oocyte count and an assessment of whether the correlation with AMH was the strongest among the studied markers.
| Study 2
The primary endpoint of Study 2 was to investigate the distribution of the AMH concentration for each age group in order to create a correlation chart of age and AMH concentration.
| Ethics and study oversight
This study was carried out according to the Declaration of Helsinki, as well as the Japanese laws and regulatory requirements. All the participants, or their legally acceptable representatives, provided written informed consent prior to entering the study. The protocol,
F I G U R E 1 Patient disposition (per-analysis sets)
T A B L E 1 Demographic and clinical characteristics of the participants in Study 1 (n = 236) amendments, and informed consent form were approved by the institutional review board or independent ethics committee at each site prior to the study's commencement.
| Statistical methods
All the statistical analyses were performed by using IBM SPSS 
| RESULTS
| Demographic and clinical characteristics of the participants
In Study 1, 335 participants were enrolled, 330 were included in the full analysis set, and 236 participants who were undergoing COS were included in the per-protocol set (an oocyte count was per- (range) AMH concentration of 2.38 (1.47-3.75) ng/mL, and median number of retrieved oocytes was 14 (9-23) ( 
| Correlation of anti-Müllerian hormone, follicle-stimulating hormone, and estradiol with the oocyte count
Based on the correlation coefficient (r = .600), there was an intermediate positive correlation between the AMH level and the oocyte count (Figure 2 ). There was a weak negative correlation (r = −.283) between the FSH level and the oocyte count. There was no correlation between the E2 level and the oocyte count (P = .498).
| Predictive ability of the ovarian response by anti-Müllerian hormone
Regarding the ovarian response, the predictive ability of AMH was statistically significant (P < .001), except between the P+N-arms (Figure 3) . The predictive ability of FSH was only significant (P < .001) between the N+H-arms. The predictive ability of E2 did not reach statistical significance, which was determined by calculating the .569 (Table 3) . A strong correlation between the AMH concentration and the ovarian response was found ( Figure 5 ).
| Distribution of the anti-Müllerian hormone concentration
The age-specific distribution of AMH concentrations is shown in Figure 6 . The single-year-specific median, mean, and standard deviation values are summarized in Table 4 . Both the mean and median AMH concentrations decreased progressively with age. Five patients had an undetectable AMH concentration (<.01 ng/mL) and were aged ≥44 years. Figure 7 shows the median levels, 95% range (2.5-97.5th
percentile value), and 25-75th percentile values of each age group.
The AMH concentration decreased progressively by age group, with the highest median concentration (5.96 ng/mL) found among the women who were aged 20-24 years and the lowest median concentration (0.32 ng/mL) among the women who were aged 45-49 years (Table 5 ).
| DISCUSSION
This multicenter, observational, multipart study showed that AMH had the strongest and highly significant correlation with the oocyte count, compared with FSH and E2, especially among those patients who were classified as normal and high responders to COS for IVF.
Among the patients who were undergoing COS, AMH yielded the highest ovarian response predictive ability.
Although several clinical trials have been conducted in the USA, 19 there is little information regarding potential ethnic differences in the serum AMH concentrations. [20] [21] [22] [23] Additionally, the distribution of AMH concentrations has been reported previously, but the data were mainly obtained from patients with infertility, rather than from healthy controls. 24 As the distribution of AMH levels in healthy Japanese women had yet to be reported, this study aimed to address this particular knowledge gap in Japan. Data on the potentially useful F I G U R E 7 Anti-Müllerian hormone (AMH) concentration by age group. The values are the medians (lines), 25-75th percentiles (boxes), and 95% range (2.5-97.5th percentiles) (whiskers) predictors of the ovarian response have gained particular importance as the need for infertility treatment has been increasing in Japan.
As far as the authors know, this study is the first to determine the age-specific distribution of the serum AMH concentration in healthy Japanese women with a normal menstrual cycle. As shown in other studies, the AMH concentration in Japanese women decreased progressively by age group. The results obtained in Study 2 will serve as preliminary data for the use of AMH in clinical practice in Japan as it was possible to evaluate the age-specific distribution of the AMH concentration in a relatively large population (417 Japanese participants) of women who were aged between 20 and 49 years with normal menstrual cycles.
The currently available clinical data regarding AMH are growing as AMH is being recognized as a useful marker and predictor of the ovarian response. 5, 6, 9, 10, [13] [14] [15] As infertility treatments become more readily available to couples with infertility and reproductive issues worldwide, the accurate and safe assessment and prediction of the ovarian response have gained considerable importance. It is of particular importance to predict the risk of OHSS of patients who are considered as potentially high responders to COS because they are at higher risk of developing OHSS, which could be a severe and lifethreatening condition. In the present study, AMH had a significantly (P < .001) higher predictive value for normal responders, compared to high responders, and poor + normal responders, compared to high responders, compared with the other evaluated parameters. In order to discriminate the high responders (high risk of OHSS) from the other arms (poor + normal), the other arms were analyzed separately.
However, no significant difference was found when analyzing the normal responders, compared to the high responders, and the poor + normal responders, compared to the high responders. The reason for the lack of significant difference between the poor + normal responders and the high responders was the small number of patients in the P-arm. The P-arm consisted of only five patients, while the N-arm consisted of 123 patients. Furthermore, regarding the median AMH concentrations, those in the P-arm and N-arm were 1.20 and 1.74 ng/ mL, respectively, compared with those in the H-arm (3.58 ng/mL).
Finally, the AMH concentration varied widely among individuals. Up to 20% of the patients in the N-arm had a relatively low AMH concentration. Given the lower concentrations and few participants, the P+N-arms had little influence on the results; thus, there was not enough power to detect large differences.
One report indicated that the method of measuring the AMH concentration has not been standardized. Additionally, the need for assayspecific interpretation was emphasized as AMH concentrations can be remarkably different, depending on the assay system that is used for quantification. 25 Additionally, limitations across countries regarding the availability of equipment should be considered when standardizing such parameters. For instance, Gen II ELISA is not readily available in Japan; 24 thus, it is necessary to obtain data with other systems that are locally available.
T A B L E 4 Age-specific median, mean, and 1-specificity (1SD) for the serum anti-Müllerian hormone levels (ng/mL) of 417 healthy Japanese women who were enrolled at three centers between May, 2014 and May, 2015 Many studies have assessed the prediction of the ovarian response by the AMH concentration, but most of them quantified AMH by ELISA, which has been reported as a method that lacks precision. 5 In Study 1, the predictive ability of the ovarian response was assessed by an automatic immunoanalyzer system that uses This study has several limitations. Regarding the assessment of the predictive ability of the ovarian response by AMH, the P-arm only included five patients, which precluded the researchers from finding significant differences; thus, the N+P-arm assessment was not sufficiently reliable. Although a lack of generalizability could be a limitation of this study, as patients from two centers only were included, the age-specific distribution of the AMH concentration was evaluated in a relatively large population (417 Japanese participants) of women who were aged between 20 and 49 years with normal menstrual cycles. The authors consider that because these AMH concentration data were collected from a relatively large number of women with such characteristics, these data will serve as a point of reference for future studies in Japan.
In conclusion, the mean serum AMH concentration decreased progressively with age. Additionally, the AMH concentration correlated well with the oocyte count in those patients who were undergoing COS for IVF. This study's results support the widespread use of AMH as a marker of the ovarian reserve and ovarian response, which also was shown to predict the risk of OHSS among the patients who were undergoing COS. Thus, quantifying the AMH concentration prior to selecting an individualized COS protocol will be useful for ensuring patients' safety and improved outcomes, not only in assisted reproductive techniques but also in fertility preservation after cancer treatment. 26, 27 
